Since the introduction of open-heart surgery for congenital heart disease (CHD) in the 1950s, there have been major advances in surgical techniques, which have resulted in a survival rate of more than 90% in neonates undergoing these procedures. While this is good news for those born with complex CHD such as hypoplastic left heart syndrome (HLHS), we are increasingly aware that infants who require cardiac surgery during the first weeks after birth are at increased risk of neurodevelopmental morbidity, even accounting for those with underlying genetic problems.
While the burden of brain injury was initially considered to result from the surgery itself, it is now clear that problems occur at different time points. Fetal MRI has shown that brain development itself is delayed and microcephaly is a common finding at birth in children with complex CHD. 1 Similarly, 20%-50% of infants with CHD have cerebral injury identifiable on brain MRI prior to cardiac surgery. [2] [3] [4] Neonates with transposition of the great arteries, who need balloon atrial septostomy for severe hypoxemia soon after birth and prior to surgery, are at increased risk of developing preoperative stroke. 5 The cardiac surgery itself also takes its toll, resulting in a further 30%-50% of neonates with injury first seen after surgery. [2] [3] [4] 6 The most common site of injury is in the white matter, with punctate white matter lesions (PWML) being most common, followed by stroke. Studies of neurodevelopment in childhood have revealed that up to half of the children have problems in various domains, mostly motor deficits but also cognitive and behavioral problems. 7 In this issue of Neurology ® , Dimitropoulos et al. 8 show, in a large group of 120 infants with CHD, that preoperative cerebral injury is closely related to immaturity of the brain. In 2007, this group was the first to show, using MRI techniques, that at birth these infants are already approximately 4 weeks behind in their cerebral development at a microstructural level. 9 The lesions seen in the white matter are mainly PWML, which look very similar to those seen in preterm infants. These PWML are not commonly seen in full-term infants without CHD.
Dimitropoulos et al. show that not only are the brains of cardiac neonates immature, but also that the degree of immaturity has a clear relationship to the degree of overt injury. Their data are in agreement with a previous study in which morphologic features of the brain marking development (degree of myelination and cortical folding, among others) were associated with brain injury seen on MRI. 3 Dimitropoulos et al. further emphasize this using more advanced MRI techniques, such as diffusion tensor imaging, which is a sensitive measure of regional brain microstructure, and 3-dimensional magnetic resonance spectroscopic imaging, which allows assessment of metabolic measures of brain development. On the preoperative MRI, 41% of neonates with CHD had newly acquired brain injury, and a lower white matter fractional anisotropy (FA) (p 5 0.005) and lower N-acetylaspartate/choline (p 5 0.01), both signs of immaturity, were associated with increasing severity of preoperative brain lesions.
However strong the relationship between brain immaturity and cerebral injury on the MRI performed prior to surgery, this was not as clear on the postoperative scan, although new lesions were once again associated with lower white matter FA (p 5 0.04). Thirty percent of the infants had evidence of new injury (approximately 10 days after surgery), and besides the persistent association with lower white matter FA, the authors also found associations with lower postoperative systolic and mean blood pressures.
The surgery that these neonates have to undergo exposes them to many potential dangers for the brain; periods of low oxygen saturation or blood pressure, or other hemodynamic changes that alter cerebral oxygenation and perfusion are all more likely to occur than not. Furthermore, the broad array of anesthetic medication used in these neonates may prove to be more harmful than initially anticipated. 10 With regard to hemodynamics, the present study found that injury developing postoperatively occurred more often when the blood pressure was lower after surgery, a factor that is clinically modifiable. Ideally, this would be assessed in a rigorous manner, collecting all hemodynamic and other clinical data continuously in a prospective study. Furthermore, it would be best to focus on one type of heart defect (e.g., HLHS), as different cardiac defects result in very different physiologies after surgery. For instance, with HLHS, oxygen saturation between 70% and 85% is regarded as optimal, due to the univentricular circulation. This is obviously very different than the situation with biventricular repair, which should result in normal physiology. The important limitation to research in one center is the small number of patients who undergo the surgeries specific for each defect. Therefore, centers should collaborate, as was done in the current study, to combine efforts and patient groups, increasing the likelihood of conclusive results.
Given the complex pathway leading to cerebral injury in these high-risk cardiac babies, successful neuroprotection will involve many specialists: obstetricians and fetal cardiologists before birth; radiologists with expertise in fetal and early neonatal imaging; cardiac surgeons; anesthesiologists and intensivists during the perioperative period; and finally developmental pediatricians and therapists and pediatric neurologists for the neurodevelopmental follow-up and treatment during infancy and childhood.
Dimitropoulos et al. have once again pointed out that in order to reduce brain injury preoperatively and postoperatively in these infants with complex CHD, there is a need for optimal in utero brain development. They have clearly shown with advanced neuroimaging techniques that the immature brain is especially susceptible to the necessary postnatal interventions. Addressing modifiable clinical factors, such as perioperative hemodynamic stability and optimal oxygenation, might be an easier target to reach within the near future.
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